A cell-based screen of chemical libraries was carried out to identify small molecules that control the self-renewal of ES cells. A previously uncharacterized heterocycle, SC1, was discovered that allows one to propagate murine ES cells in an undifferentiated, pluripotent state under chemically defined conditions in the absence of feeder cells, serum, and leukemia inhibitory factor. Long-term SC1-expanded murine ES cells can be differentiated into cells of the three primary germ layers in vitro and also can generate chimeric mice and contribute to the germ line in vivo. Biochemical and cellular experiments suggest that SC1 works through dual inhibition of RasGAP and ERK1. Molecules of this kind may not only facilitate practical applications of stem cells in research and therapy, but also provide previously undescribed insights into the complex biology of stem cells.
I
n addition to their therapeutic potential, ES cells provide an excellent in vitro system for the study of early development and human diseases (http:͞͞stemcells.nih.gov͞info͞scireport͞ 2001report.htm). Such uses of ES cells, however, require new tools to better understand and control the mechanisms that govern their self-renewal and differentiation. Typically, ES cells are maintained in culture with feeder cells and͞or mixtures of exogenous factors. The self-renewal of murine ES (mES) cells largely depends on two key signaling molecules: leukemia inhibitory factor (LIF)͞interleukin 6 (IL-6) family members (2) and bone morphogenic protein (BMP) (3, 4) . LIF activates STAT signaling through a membrane-bound gp130-LIF receptor complex to promote self-renewal and inhibit mesoderm and endoderm differentiation (2) ; BMP4 induces expression of Id (inhibitor of differentiation) genes (3) and inhibits MAPK signaling (4) and neuroectoderm differentiation. The combination of BMP4 and LIF can maintain the self-renewal of mES cells in the absence of feeder cells and serum (3) . Additionally, the core pluripotency-associated transcriptional regulators, Sox2 (5), Oct4 (6) , and Nanog (7, 8) , as well as the phosphatidylinositol 3-kinase (PI3K)-AKT signaling pathway (9) , are also involved in ES cell self-renewal.
Although significant progress has been made in recent years, we are still far from a complete picture of the dynamic regulatory circuitry that controls the self-renewal of ES cells. Consequently, unbiased cellular screens for small molecules or genes that regulate the self-renewal of ES cells may provide new insights into these processes and also facilitate practical applications of ES cells in research and therapy.
Results and Discussion
High-Throughput Chemical Screen. To carry out such a screen, an established reporter mES cell line was used, which was derived from heterozygous Oct4-GFP (with the 18-kb Oct4 regulatory region) transgenic OG2 mice (10) . OG2-mES cells lose both GFP expression and their compact-colony morphology completely in 4-6 days in the absence of feeder cells and LIF (LIF alone will not sustain self-renewal under feeder-free conditions), affording a robust assay system for self-renewal. Undifferentiated OG2-mES cells were plated into gelatin-coated black 384-well plates at a density of 500 cells per well in ESC-growth media (GM). After overnight incubation, the media was changed to ESC-serum replacement (SR) media and compounds from a library of 50,000 discrete heterocycles (11) were added to each well (5 M final concentration). After an additional 6 days of incubation, in which media and compound were changed at day 3, cells were analyzed for GFP expression and morphology (with LIF as a ''pseudopositive'' control). From the primary screen, 28 compounds were identified that maintained colony morphology and GFP expression of OG2-mES cells. Seventeen of these 28 (including a series of pyrimidine derivatives) were shown to maintain the expression of multiple mES cell-specific markers, including SSEA-1, Oct4, and ALP (data not shown).
From this set of compounds, a class of 3,4-dihydropyrimido [4,5-d] pyrimidines was characterized that maintain the undifferentiated phenotype of mES cells in a dose-dependent manner (Scheme 1). A structure-activity-relationship study (Table 1, which is published as supporting information on the PNAS web site) of a second generation focused 3,4-dihydropyrimido [4,5-d] pyrimidine library revealed that: the R1 position can tolerate bulky substituents (e.g., hetero-aromatic substituents, PEG linker), the R2 position tolerates a methyl group well (but not methoxy or hydrogen), and the 3,6-substitution pattern on the phenyl ring at the R3 position is required for activity (e.g., a 5-position methoxy-substitution on the phenyl ring abolishes activity completely). Importantly, an analog SC1, also called pluripotin (Scheme 1), was identified with 10-fold higher activity (EC 50 ϭ 1 M concentration in the ESC-SR media) and relatively low cellular toxicity (Ͼ30 M).
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Characterization of SC1's Biological Activity. Treatment of OG2-mES cells (feeder-cell dependent) or R1-mES cells (feeder-cell independent) grown on gelatin-coated six-well plates (1.6 ϫ 10 4 cells͞cm
2 ) with SC1 either in the ESC-SR media (3 M) or in chemically defined media without LIF [CDM: ESC-N2B27 (1 M) or ESC-N2 (300 nM)], maintains their ability to self-renew Fig. 1 . SC1-expanded mES cells maintain their ability to self-renew under feeder cell͞LIF-free conditions. (A and B) Serially passaged, SC1-expanded OG2-mES cells maintain the expression of pluripotency markers by FACS analysis (A) (undifferentiated population: SC1 ϩ SR, 95.9%; DMSO ϩ SR, 1.2%; SC1 ϩ N2B27, 95.7%; DMSO ϩ N2B27, 0.6%; SC1 ϩ N2, 95.8%; DMSO ϩ N2, 0.1%; LIF ϩ BMP4, 87.4%), histocytochemistry (alkaline phosphatase) and by RT-PCR (B) (Nanog, Oct4, and Sox2). mES cells were seeded in gelatin-coated six-well plates at 1.6 ϫ 10 4 cells͞cm 2 and maintained with 3 M SC1 in the ESC-SR media, 1 M SC1 in the ESC-N2B27 media, or 300 nM SC1 in the ESC-N2 media without LIF or feeder cells. mES cells (seeded at 1.6 ϫ 10 4 cells͞cm 2 ) maintained with 10 3 units͞ml LIF plus 10 ng͞ml BMP4 in the ESC-N2B27 media were used as a control. mES cells cultured with DMSO after two passages were used as negative control. Cells were split every 3 days and seeded at the same density (1.6 ϫ 10 4 cells͞cm 2 in six-well plates). SC1-expanded mES cells at passage 11 were analyzed with FACS, histocytochemistry, and RT-PCR. (C) Growth curves of OG2-mES cells under different culture conditions. mES cells maintained under the feeder condition were used as a positive control. Cells were split every 3 days, and cell numbers were counted by hemocytometer. Under all conditions, Ͼ95% cells maintain GFP expression by FACS analysis (Fig. 5D ). (D and E) OG2-mES cells can be expanded by SC1 at low cell density (D) and maintain the expression of pluripotency markers after three passages (E) (undifferentiated population: ESC-SR, 90.0%; ESC-N2B27, 97.4%). OG2-mES cells were seeded at a low cell density (50 cells͞cm 2 ) and cultured with 3 M SC1 in ESC-SR media or 1 M SC1 in ESC-N2B27 media for three passages. Cells were split every 3 days and seeded at the same density (50 cells͞cm 2 ). Cell numbers at each passage were counted by hemocytometer. Cells at day 9 were analyzed with FACS. , which is published as supporting information on the PNAS web site). Importantly, SC1-expanded mES cells (Ͼ10 passages) form embryoid bodies (EBs) in suspension efficiently and can be selectively induced to differentiate into neural͞neuronal (␤III-tubulin and NeuroD1) (12) , cardiac muscle (myosin heavy chain and Nkx2.5) (13), and endodermal cells (Sox17 and FOXA2) (14) , derivatives of the three primary germ layers, after SC1 depletion (Fig. 1G) . And finally, SC1-expanded mES cells can contribute to the germ line and generate healthy chimeric mice in vivo ( Fig. 1H ; see Fig. 8 , which is published as supporting information on the PNAS web site).
Effects of SC1 on Established Self-Renewal Pathways. To characterize the mechanism of action of SC1, we initially examined whether SC1 operates through known signaling pathways that control the self-renewal of mES cells. In contrast to LIF, which strongly stimulates STAT3 phosphorylation at tyrosine 705 (2), Western blot analysis indicated that SC1 does not have any effect on STAT activation ( Fig. 2A) . Knockdown of STAT3 by siRNAs (STAT3 expression was reduced 60% as revealed by Western blot; Fig. 9 , which is published as supporting information on the PNAS web site) or inhibition of STAT3 phosphorylation by 50 M JAK2 inhibitor, AG490, induces differentiation of OG2-mES cells in the presence of LIF and BMP4. However, treatment with either siSTAT3 or AG490 does not block the activity of SC1 (Fig. 9B) . These results suggest that SC1 functions through a STAT3-independent mechanism.
Furthermore, quantitative RT-PCR analysis revealed that SC1 treatment does not act through the BMP signaling pathway to increase Id1 gene expression (Fig. 2B) . The canonical Wnt signaling pathway recently has been implicated in the self-renewal of mES cells, based on the discovery that a GSK-3␤ inhibitor, 6-bromoindirubin-3Ј-oxime (BIO), maintains mES cells in the pluripotent state in the absence of both feeder cells and LIF (15) . However, unlike BIO, which activates Wnt͞TOPflash reporter activity Ͼ200-fold, SC1 does not increase TOPflash reporter activity (Fig. 2C ) and does not inhibit GSK-3␤ activity (data not shown). Thus, it appears that SC1 may function by a previously uncharacterized mechanism. Interestingly, SC1 was found to transiently activate Nanog expression by 7-fold after treatment for 6 h (Fig. 2D) . Consistent with this observation, SC1 inhibits the phosphorylation of Ser-315 in p53 (Fig. 10 , which is published as supporting information on the PNAS web site), which has been shown to repress Nanog expression (16) .
Target Identification. To identify the cellular target(s) of SC1, the compound was linked through the pyrazole N1 position to an agarose affinity matrix via a polyethylene glycol linker based on the above structure-activity-relationship analysis (AM⅐SC1؉) (Fig. 3A) . To distinguish specific binding to SC1 versus nonspecific interactions with the affinity matrix, an affinity resin also was synthesized from an inactive analog as a negative control (AM⅐SC1Ϫ). Whole-cell lysates pretreated with the negative affinity matrix were incubated with the positive affinity matrix or positive affinity matrix plus 50 M SC1 as a competitor. SDS͞ PAGE analysis revealed that two bands of Ϸ44 and 120 kDa were In these experiments, OG2-mES cells were seeded at the same density (1.6 ϫ 10 4 cells͞cm 2 ). PD, PD098059; SC1Ϫ, negative control of SC1.
bound specifically by the AM⅐SC1ϩ; addition of SC1 to the lysates during affinity chromatography blocked binding of these two proteins to the affinity matrices (Fig. 3B) . These two bands were identified as ERK1 (44 kDa) and Ras GTPase-activating protein (RasGAP, 120 kDa), respectively, by LC͞MS and confirmed independently by ERK1͞2 and RasGAP Western blot analysis. Direct binding of SC1 to ERK1 or RasGAP (17) was confirmed by surface plasmon resonance with purified enzymes (ERK1: K D ϭ 98 nM; RasGAP: K D ϭ 212 nM; Fig. 11 , which is published as supporting information on the PNAS web site). Moreover, SC1 was shown to inhibit ERK1͞2 phosphorylation stimulated by LIF in OG2-mES cells (Fig. 3C ). In addition, it was demonstrated that SC1 (1 M) increases the level of Ras⅐GTP in OG2-mES cells (based on pulldowns by using a GST fusion protein with the Ras-binding domain of Raf-1; Fig. 3D ), indicating that SC1 activates Ras by inhibition of RasGAP function.
To confirm that SC1's effects on self-renewal of mES cells are mediated by its interaction with ERK1 and RasGAP, additional genetic and pharmacological studies were performed. ERK1 was transiently overexpressed for 3 days in OG2-mES cells cultured under ESC-N2B27 CDM conditions; FACS analysis revealed that ectopic expression of ERK1 induced differentiation of mES cells both in the presence and absence of SC1 and that SC1 can partially rescue ERK1-induced differentiation (Fig. 3E) . Consistent with this result, it is known that MEK inhibitor PD098059 (40 M) partially blocks differentiation of mES cells by inhibiting ERK phosphorylation under feeder-free conditions (18) . However, PD098059 itself is not sufficient to maintain mES cells in the pluripotent state: ES cells cultured in ESC-N2B27 media with 40 M PD098059 cannot be passaged more than three times. Similarly, transient ectopic expression of RasGAP induced differentiation in mES cells; again, RasGAP-induced differentiation can be partially rescued by SC1 (Fig. 3E) . To further show that SC1's activity is mediated through its combined effects on ERK1 and RasGAP, mES cells (both OG2 and R1 lines) stably expressing a short hairpin RNA (shRNA) against RasGAP (19) were generated by using a lentivirus-based expression vector pLVTHM (which also expresses a GFP reporter) (20) . Stable cell lines of GFP high population were isolated by cell sorting and confirmed to have RasGAP expression reduced Ͼ90% (Western blot; Fig. 12 , which is published as supporting information on the PNAS web site). Treatment of these cells with PD098059 (40 M) maintained them in the undifferentiated͞pluripotent state under basal CDM conditions (i.e., without feeder cells, LIF, and serum) for Ͼ10 passages. These cells also continue to proliferate (Fig. 13A , which is published as supporting information on the PNAS web site), express multiple mES cell specific markers, and can form normal EBs in suspension culture (Figs. 3F and 13B ). In contrast, control cells engineered with the empty pLVTHM vector completely differentiated within two passages under the same basal CDM conditions, whereas those expressing the shRNA but not treated with PD098059 lose both the ESC-like colony morphology and Oct4 expression after five passages and eventually failed to form regular EBs in the suspension culture (Fig. 3F) . These experiments collectively suggest that SC1 is a dual function small molecule inhibitor of both ERK1 and RasGAP and that simultaneous inhibition of both protein activities is required and sufficient for SC1's effects on mES cells. This result underscores a potential advantage (and complexity) in the use of small molecules in cell-based phenotypic and reporter screens in that compounds can modulate more than one target to achieve a desired biological effect.
Mechanism of Action. The ERK signaling pathway has been shown to control a vast array of cellular processes, including cell division, proliferation, and differentiation (21) . A number of experiments suggest that ERK activation is involved in the differentiation of mES cells. For example, sustained ERK1͞2 activation leads to neural differentiation (22) , and evidence suggests that BMP promotes LIF-dependent self-renewal by inhibiting ERK and p38 (4). Consequently, inhibition of ERK1͞2 by SC1 would be expected to contribute to the self-renewal of mES cells by blocking ERKdependent differentiation. However, as demonstrated previously, treatment of mES cells with the MEK inhibitor PD098059 alone is not sufficient to sustain mES cell self-renewal, suggesting that modulation of the Ras pathway by SC1 also is required for the self-renewal of mES cells.
The Ras family of small GTPases are monomeric guanine nucleotide-binding proteins that serve as molecular switches to regulate cellular growth, morphogenesis, and mobility (23) . RasGAP modulates Ras signaling by stimulating the GTPhydrolysis activity of Ras to form the inactive Ras⅐GDP complex (24) . By inhibiting RasGAP, SC1 activates signaling by Ras or a Ras-like GTPase that, in turn, may enhance self-renewal through its downstream signaling pathways. Indeed, overexpression of ERas promotes mES cells self-renewal through the activation of PI3K-AKT signaling and enhanced cell growth (25) . SC1 activates phosphorylation of p70S6K (Fig. 4B) , a mitogen-stimulated serine͞threonine kinase regulated by PI3K (26) , suggesting that SC1 also may mediate some of its effects through PI3K signaling. Thus, it appears the SC1 acts through two targets: by inhibiting RasGAP SC1 blocks RasGAPs differentiation-inducing activity and activates self-renewal pathways, while at the same time blocking ERK-dependent differentiation. The self-renewal of ES cells can be largely regarded as a combined phenotypic outcome of cellular proliferation together with inhibition of differentiation and cell death. ES cells may have the intrinsic ability to self-renew, and, therefore, inhibition of differentiation may be sufficient to maintain the undifferentiated state. The identification and characterization of SC1's mechanism of action underscores such basic requirements for the self-renewal of stem cells.
Conclusion
In summary, we have identified a previously undescribed small molecule, SC1, from a phenotypic cellular screen that can maintain the self-renewal of mES cells in the absence of feeder cells and exogenous factors. This molecule appears to act by inhibition of ERK1-and RasGAP-dependent signaling pathways. In addition, this molecule represents a previously undescribed class of dual inhibitor of a protein kinase and a small GTPase-activating protein. We are exploring the effects of SC1 on human ES cells and adult stem cells. This and other such molecules are likely to provide insights into the molecular mechanism that control stem cell fate and ultimately may be useful to in vivo stem cell biology and therapy.
Materials and Methods
Culture Media. ESC-GM. Knockout DMEM (GIBCO, Carlsbad, CA) was supplemented with 15% knockout Serum Replacement (GIBCO)͞1ϫ nonessential amino acids (GIBCO)͞2 mM Lglutamine (GIBCO)͞0.1 mM 2-mercaptoethanol (GIBCO)͞10 3 units/ml LIF (Chemicon).
ES-SR.
Knockout DMEM (GIBCO) was supplemented with 15% knockout Serum Replacement (GIBCO)͞1ϫ nonessential amino acid (GIBCO)͞2 mM L-glutamine (GIBCO)͞0.1 mM 2-mercaptoethanol (GIBCO).
ESC-N2B27 (Completely Serum-Free Condition)
. DMEM͞F12 (GIBCO) was supplemented with 0.5ϫ N2 (GIBCO)͞0.5ϫ B27 (without vitamin A; GIBCO)͞50 g/ml BSA fraction V (GIBCO), 1ϫ nonessential amino acids (GIBCO)͞2 mM Lglutamine (GIBCO)͞0.1 mM 2-mercaptoethanol (GIBCO).
ESC-N2 (Completely Serum-Free Condition)
. DMEM͞F12 was supplemented with 1ϫ N2 (GIBCO)͞50 g/ml BSA fraction V (GIBCO)͞1ϫ nonessential amino acids (GIBCO)͞2 mM Lglutamine (GIBCO)͞0.1 mM 2-mercaptoethanol (GIBCO). mEB-GM. DMEM (GIBCO) was supplemented with 15% ESqualified FBS (GIBCO)͞0.5ϫ L-glutamine solution (GIBCO)͞1ϫ nonessential amino acids (GIBCO). plus 10 ng͞ml BMP4 in ESC-N2B27 media were used as a positive control. mES cells treated with DMSO in ESC-SR media, ESC-N2B27 media, or ESC-N2 media for two passages were used as negative controls. Cells were split every 3 days and seeded at same density (1.6 ϫ 10 4 cells͞cm 2 ). mES cells at passage 11 were analyzed with FACS, immunocytochemistry, histocytochemistry, and RT-PCR.
Expansion of mES Cells in the Presence of SC1 at Low Cell Density.
OG2-mES cells were seeded at a low cell density (50 cells͞cm 2 ) and cultured with 3 M SC1 in ESC-SR media or 1 M SC1 in ESC-N2B27 media for three passages. Cells were split every 3 days and seeded at the same density (50 cells͞cm 2 ). Cell numbers at each passage were counted by hemocytometer. The cells at day 9 were analyzed with FACS.
EB Formation and in Vitro Differentiation. OG2-mES cells cultured with 1 M SC1 in ESC-N2B27 media for 10 passages were trypsinized and plated on ultra-low attachment dishes in mEB-GM. To induce neuronal differentiation, 1 M RA was added. After 4 days in culture, EBs were seeded on laminin-coated plates and grown in neuronal differentiation basal media [consisting of DMEM/F-12 (GIBCO)͞0.5ϫ N2 (GIBCO)͞0.5ϫ B27 (GIBCO)͞50 g͞ml BSA fraction V (GIBCO)] for an additional 4 days. To induce cardiac myogenic differentiation, 4-day EBs (without RA treatment) were seeded on gelatin-coated plates and grown in DMEM (GIBCO) plus 10% FBS (GIBCO) for an additional 6 days. To induce endodermal differentiation, mES cells were grown on gelatin-coated plates in the ESC-GM (without a feeder layer) for 4 days and then treated with Activin A (100 ng͞ml) in RPMI medium 1640 (GIBCO) supplemented with 1ϫ Glutamax (GIBCO) and 10% FBS (GIBCO) for an additional 6 days. Media was changed every 3 days. Affinity Chromatography. Cells were lysed with PY buffer (pH 7.2; 60 mM ␤-glycerophosphate͞15 mM nitrophenyl phosphate͞25 mM Mops͞15 mM EGTA͞15 mM magnesium chloride͞2 mM DTT͞1 mM sodium vanadate͞1 mM sodium fluoride͞1 mM sodium phenylphosphate͞100 M benzamidine) plus 0.1% Nonidet P-40 for 10 min on ice and analyzed by affinity chromatography with methods described in ref. 1 . Whole-cell lysates were pretreated with the control affinity matrix at 4°C for 1.5 h and the negative affinity matrix at 4°C for 1 h. After washing three times, samples were incubated with the positive affinity matrix or positive affinity matrix plus 50 M SC1 as a competitor at 4°C for 1 h. After heat shock, samples were loaded and separated on a 4-20% Tris-Glycine SDS͞PAGE (Invitrogen, Carlsbad, CA) stained with a Silver Stain Plus Kit (Bio-Rad, Hercules, CA). The bands were cut, destained, and analyzed with LC͞MS. For Western blot analysis, samples were electroblotted on a nitrocellulose membrane; the membrane was blocked for 1 h at room temperature with 5% nonfat milk in DPBS and immunoblotted overnight at 4°C with rabbit anti-RasGAP (1:1,000; Alexis, San Diego, CA) and rabbit anti-ERK1͞2 (1:1,000; Cell Signaling Technology, Beverly, MA). The membrane was then washed, incubated with anti-rabbit peroxidase-conjugated affinitypurified secondary antibody (1:1,000, Pierce, Rockford, IL) at room temperature for 1 h, and developed by SuperSignal chemiluminescence (Pierce).
Lentiviral Infection and Long-Term Passage. mES cells (both OG2 and R1 lines) were infected with lentivirus generated from the expression vector pLVTHM-shRasGAP. After infection, mES cells were maintained under feeder conditions for 6 days (split every 3 days). Stable cell lines of the GFP high population isolated by cell sorting were seeded in six-well plates at 1.6 ϫ 10 4 cells͞cm 2 and cultured with͞without PD098059 (40 M) in ESC-N2B27 media without feeder cells, LIF, and serum for Ͼ10 passages.
Supporting Information. Detailed materials and methods are presented as Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
